The influence of boundary conditions on the sound radiation characteristic from rectangular plates is studied in this paper. Using an analytical method, the transverse displacement response of vibrating rectangular plates is presented. Some numerical experiments are also done. Five different types of boundary conditions are analyzed and calculated as examples for comparing the influence of different boundary conditions. Rectangular plates under different force points and different thicknesses are also studied for further verifying the influence of boundary conditions.
INTRODUCTION
It is necessary to know the sound radiation characteristic of each element in the design of low-noise machinery. In this situation a rectangular plate-like structure is often encountered and is a major source of noise. How to control noise radiated from rectangular plate-like structures becomes a key question in low-noise machinery design. So, it is meaningful to study the sound radiation of plates. Many researchers have studied the vibrational response of rectangular plates and the sound radiated from them. Takahagi and his cooperator (1) have studied the sound radiation from full simply supported rectangular plates. Further results were obtained by Xie and his cooperator (2) and Rahman and Ertas. (3). Sung C. C. (4) has studied some vibration response characteristics from clamped supported plates. EL Kadiri. and Benamar. (5) studied further the response of clamped-clamped and simply supported-clamped beams. Michishita and his cooperator (6) have studied the sound radiation from an un-baffled plate strip of infinite length.
In fact, plates with various boundary conditions will be met in actual machinery design. How do the boundary conditions influence the sound radiation from rectangular plates? Some researchers have got some results. Park and his cooperator (7) have studied the influence of support properties on the sound radiated from the vibration of rectangular plates. But the plates studied in their research are infinite plates, the results cannot provide further actual direction for low-noise machine design. Results have been derived that permit calculation of the radiation efficiency of plates having constraint conditions at the edges that are somewhere simply supported and clamped (8) , and further with a baffle that is not necessarily co-planar with the plate, but has an arbitrary wedge-shaped form (9) . Ohlrich and his cooperator (10) have studied the influence of boundary constraints and angled baffle arrangements on sound radiation from rectangular plates. These results provide some useful help for this paper.
In this paper, sound radiation characteristics from rectangular plates with different boundary conditions (C-C-C-C, C-C-S-C, C-C-F-C, C-C-C-S and C-C-C-F) are calculated in numerical experiments. Using the sound power level radiated from C-C-C-C plates as criterion the influence of simple support and free support are obtained. Rectangular plates with different force positions and different plate thickness are also calculated for further study of the influence of boundary conditions on the radiation characteristics from rectangular plates.
FORCED RESPONSE OF RECTANGULAR PLATES
Consider a rectangular plate of length a in direction x and length b in direction y, as shown in figure 1 , in an infinite rigid baffle. When the plate is driven by a harmonic point force, the vibration differential equation for the transverse displacement of the rectangular plate is given by (1) where D is the flexural rigidity and is defined by D = Eh 3 / 12(1 -µ 2 ); E is the Young's modulus; h is the plate thickness; µ is the Poisson's ratio; c d is the damping coefficient of the plate; w(x,y,t) is the transverse displacement; f (x,y,t) is force; t is time; ρ is the plate density; is the Laplacian operator.
Figure 1 Rectangular Plate under Force
Consider the plate to be driven by a harmonic point force with frequency ω acting on the point (x 0 , y 0 ) along the positive z -axis and let
Substituting equation (2) into equation (1), the equation can be simplified as
Expanding W(x,y) and F(x,y) as the superposition of adequate shape functions (11), one can obtain (4) where A mn is the mode shape coefficient, F mn is the force coefficient.
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Then applying the Virtual Power Principal to the rectangular plate one can obtain (7)
where δW is the virtual displacement and is defined by
The shape functions in equation (4) can be further decomposed as (6) where eigenfunctions X m (x) and Y n (y) are taken to be the mode shapes of the associated un-damped beams having the same boundary conditions as the rectangular plate in the x and y directions respectively. Consider an un-damped beam of length l, the motion equation can be expressed as(11)
where EI is flexural rigidity and ρ h is the mass per unit length. Let w(x,t) = X(x)sin(ωt) and institute into equation (7), one can obtain 
Eigenfunctions X m (x) and Y n (y) in equation (6) have been chosen such that both of them satisfy the boundary conditions for the rectangular plate. Applying Fourier series expansion to equation (4) , F mn can be expressed as (10) Then substituting equation (10) into equation (9) , one can obtain Noting that eigenfunctions X m (x), Y n (y), X p (x) and Y q (y) are orthogonal respectively, one can obtain a common law (12) With the equation (12), simplify the equation (11) (13) where So one can obtain from equation (13) (14) For a concentrated force, the force F (x, y) can be expressed as (15) where F 0 is the amplitude of applied force; δ is Dirac's Delta function; (x 0 ,y 0 ) is the action point of the force. In this supposition, W mn can be further simplified as (16) When the rectangular plate is forced by a harmonic point force, applying these results, the vibration response of plate can be obtained (17) The normal velocity at the surface point (x, y) can be obtained as (18)
SOUND POWER RADIATED FROM RECTANGULAR PLATES
Using the Rayleigh surface integral where each element area on the rectangular plate is regarded as a simple point source of an outgoing wave, the acoustic pressure
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radiated from a vibrating rectangular plate in an infinite baffle can be obtained. The acoustic pressure at an arbitrary point Q with Cartesian coordinates caused by the vibration of the rectangular plate, as shown in figure 2, can be given by (l3) (19) where k is wave number and is defined by k = ω/c; ρ 0 is the density of air; ,S is the surface area of rectangular plate; v(P) is the velocity of point P which is an arbitrary point on the plate surface; r is the distance of the point P and Q and is defined by r = P -Q.
Figure 2 Coordinate System for Evaluation of Acoustic Pressure
Applying the definition of sound intensity, the sound intensity can be given by:
where * refers to conjugation; V(Q) is the normal velocity of the acoustic medium at point Q. Then the sound power radiated into the semi-infinite space above the rectangular plate is given by (21) where S`is an arbitrary surface that contains the rectangular plate surface S and r 2 is the positive vector of S`. Substituting equations (19) and (20) into equation (21), r 1 and r 2 would represent any two arbitrary position vectors on the surface of the rectangular plate when S`is superposed to S, one can get the sound power of the vibrating rectangular plate (4, 12)
The law Re {C} = C + C * / 2 is always true for any complex function C . Then applying this to equation (22) Consider the rectangular plate to be divided into N elements and the area of each element is equal to ∆S (4, 14) , as shown in figure 3 , equation (25) can be approximated as a finite series (26) where r i , and r j are the position vectors of the center point of two arbitrary elements; r is the distance of the center point and r = r i -r j . 
where H is represented as conjugation and transposition, Z is the resistance matrix and is defined by
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So, the sound power level radiated from plate can be written as (28) where W p0 is reference sound power and is 10 -12 Watt according ANSI.
If the rectangular plate boundary condition and the harmonic force are known, using the equation (18), the velocity of each element can be calculated. Then the sound power radiated from the rectangular plate with different boundary conditions can be calculated.
THE INFLUENCE OF BOUNDARY CONDITIONS
As shown in figure 4 , five rectangular plates with different boundary conditions are studied in this section. As for short, they are called by C-C-C-C rectangular plate, C-C-S-C rectangular plate. C-C-F-C rectangular plate, C-C-C-S rectangular plate and C-C-C-F rectangular plate respectively.
Figure 4 Five Rectangular Plates with Different Boundary Conditions
The boundary conditions for the edge x = 0 can be expressed as follows.
Clamped Supported Edge:
(29)
Simply Supported Edge:
According to equation (7), one can easily obtain the shape functions of edge x = 0 as the form of equation (8) respctively. Using the reciprocity relationship and same method, the shape functions at other edges can also be obtained. According to some results of former studies (l, 4, 12, 14) , two assumptions are introduced for simplicity. ( 1 ) The effect of air loading is neglected. (2) The modal coupling is neglected.
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Consider a size of 0.5 x 0.3m rectangular steel (E = 2.1 x l0 11 Pa , µ = 0.28 ρ = 7800kg/m 3 ) plate, let it be excited by a harmonic point force. When the temperature is 20 ο C the properties of the air are ρ 0 = 1.21kg/m 3 and c = 343m/ s. The frequencies adopted in the computation are only the frequencies in the audible frequency range. The damping coefficients adopted in the computation can be expressed as c d = ρhω/100π which are obtained from experiments (1, 12, 15) . According to the method described in equation (26), these rectangular plates were discretized into 60 elements for calculating and the area of each element is equal.
When the rectangular plate thickness is 0.5 mm and a harmonic force f = e jωt (N) drives at the point (0.2, 0.2), according to equation (28), the sound power level radiated from rectangular plate can be obtained as shown in figure 5 . Sound Power Level Radiated from Rectangular Plates
From figure 5, some conclusions as follow can be obtained (1) Comparing the different boundary conditions of C-C-C-C, C-C-S-C and C-C-F-C, when the boundary at one breadth of the plate is changed from clamped support to simple support, it makes the sound radiation lower than the C-C-C-C plate and more frequencies that make the sound radiation to a minimum appear. When the boundary is changed from clamped support to free support, there are dense peak frequencies less than 100 Hz compared with C-C-C-C plate. It should be noticed that there are only three frequencies that can make the sound radiation to maximum. It is very different compared with the C-C-C-C plate or C-C-S-C plate And the sound radiation of C-C-F-C plate is higher than C-C-C-C plate.
(2) When the boundary at one length of plate is changed from clamped support to simple support, comparing the different boundary conditions of C-C-C-C, C-C-C-S and C-C-C-F, there is only a little difference of sound radiation between C-C-C-S plate and C-C-C-C plate in the frequency of 200 Hz The frequencies that make the sound radiation a maximum become sparse with increasing frequency. When the boundary is changed from clamped support to free support, there are many more frequencies that can make the sound radiation a maximum than C-C-C-C plate in the frequency of 20 to 200 Hz When the frequency is above 450 Hz the trend of sound radiation becomes flat with increasing frequency .
(3) For observing the influence of the simple support, one can compare the different boundary conditions of C-C-S-C and C-C-C-S. When one breadth is simply supported, there are more frequencies that can make the sound radiation to maximum than when one length is simply supported, and when the frequency is above 550 Hz, the sound power level-frequency curve of C-C-C-S plate becomes flatter than C-C-S-C plate.
(4) Using the same method, one can observe the influence of clamped support by comparing the different boundary conditions of C C-F-C and C-C-C-F. There is a
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DISCUSSIONS OF FORCE POSITION AND PLATE THICKNESS
For the same plate and same force described in section 4, according to equations (17) and (18), from the viewpoint of energy, one can obtain the Square of Average Velocity (AVS) of vibrating rectangular plate for different boundary conditions as shown in figure 6 . Average Velocity Squared of Rectangular Plates
From figure 6, one can see that:
(1) Every frequency that takes the vibration response average velocity squared to maximum or minimum corresponds to the same phenomenon of the sound radiation level. Except the amplitude. average velocity squared-frequency curve has the same trend as the sound radiation level-frequency curve.
(2) According to the research results (2, 3, 10, 16) , the radiation efficiency is low in low frequency domain. So, in spite of rectangular plate has higher average velocity square in low frequency domain than middle frequency domain, the sound radiation level in low frequency domain is lower than in middle frequency domain.
The results mentioned above are obtained on from only one plate thickness and one driven point, are these results true? To further verify the results mentioned above, one rectangular plate with different force point and different thickness is calculated in this section.
Same Plate with Different Force Position
Consider a force that is same as in section 4 move along the line y = 0.1 as shown in figure 4 , one can calculate the sound power level radiated from the plate using the method described in section 2. Comparing with figure 6 , the sound radiation levelfrequency curve and average velocity square-frequency curve have the same trend. So, the average velocity squared is calculated as shown in figure 7 in this section when x is varied from 0 to 0.5 continuously. For further observing, a "slice" is cut when the force is at point (0. Comparing figure 6 and figure 7, one can see that the average velocity squaredfrequency curves have the same trend wherever the force point is. Consider the results mentioned above, it is obvious that the sound power level radiated from same plate has the same trend with frequency increasing wherever the force point is.
Same Plate with Different Plate Thickness
Consider the same force which has the same point in section 4, when the thickness is varied from 0.3mm to 1mm, the sound power level L W radiated from the plate is calculated as shown in figure 8 . To further observe the characteristic of sound power lever, a slice is cut when the thickness is 0.6mm Comparing figure 8 and figure 6 , one can see that the sound power level radiated from plate has the same trend as in figure 6 whatever the plate thickness is. It can be observed more clearly from the slice. It should be noticed that the frequency that takes the sound power level to a maximum or minimum is regressive with plate thickness increasing. When the plate thickness is increasing, the difference between two frequencies that make the sound power level is becoming larger. So, some sound power level peaks vanish when the thickness increases above some value. This rule can be also found from these slices compared with figure 6.
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CONCLUSIONS
The sound power level radiated from harmonically point-forced rectangular plates was studied in a comparison between five plates with different boundary condition. The results can be summarized as follows.
(1) Boundary condition has a great influence on the sound radiated from rectangular plates. Using the C-C C-C boundary condition as criterion, whether changing the boundary condition of length or breadth of plates, simple support makes the sound power level radiated from the plates have more peaks with the frequency increasing, and on the contrary, free support makes the sound power level radiated from the plates have more peaks with the frequency decreasing. It should also be noticed that free support makes the sound radiated from plates have its highest power level, and simply supported plate take the second place, clamped supported plate have the lowest power level.
(2) Average velocity squared of rectangular plates whatever the boundary condition have same trend as the sound power level radiated from plates with frequency increasing. So, using the average velocity squared response from the plates can also predict the sound radiation characteristic of the plates.
(3) Force position has no influence on the sound radiation characteristic of rectangular plates. Whatever the force point is, the average velocity squaredfrequency curve has same trend. So. it can be inferred that the sound power levelfrequency curve has same trend despite the absolute value.
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